A Novel Palladium-Based Electrochemical pH Control Method and Feasibility Test of Electrochemical Driven DNA Acid-Base by 林丛宾
学校编码：10384                         分类号_______密级 ______ 
学号：20520081151712                                UDC _______ 
 
硕  士  学  位  论  文 
基于钯膜的电化学 pH 调控新方法及电化
学驱动 DNA 酸-碱 PCR 的前期研究 
A Novel Palladium-Based Electrochemical pH Control Method 
and Feasibility Test of Electrochemical Driven DNA Acid-Base 
PCR 
林 丛 宾  
指导教师姓名： 毛 秉 伟 教 授 
专 业 名 称： 物  理  化  学 
论文提交日期： 2 0 1 1 年 6  月 
论文答辩日期： 2 0 1 1 年 6  月 
学位授予日期： 2 0 1 1 年    月 
答辩委员会主席：           
评    阅    人：           
 

































































































A Novel Palladium-Based Electrochemical pH Control 
Method and Feasibility Test of Electrochemical Driven 
DNA Acid-Base PCR 
 






Prof. Bing-Wei Mao 
 
 






















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的



































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 














目  录 
 
目  录 
摘要 ................................................................................................................... I 
Abstract ................................................................................................................ III 
第一章  绪论 ............................................................................................ 1 
§ 1.1 溶液酸碱度—pH ..................................................................................... 1 
§ 1.1.1 pH 的定义 ............................................................................................ 1 
§ 1.1.2 pH 值重要性[1] ..................................................................................... 2 
§ 1.2 pH 调控方法及其在生命科学中的应用 ................................................ 2 
§ 1.2.1 现有的 pH 调控方法 ........................................................................... 3 
§ 1.2.2 各种 pH 值调控方法比较 ................................................................. 12 
§ 1.2.3 溶液 pH 值调控在生命科学领域中的意义及应用 ......................... 13 
§ 1.3 本论文研究目的及设想 ........................................................................ 20 
参考文献 .............................................................................................................. 21 
第二章  实验仪器与方法 ...................................................................... 32 
§ 2.1 试剂原料与材料 .................................................................................... 32 
§ 2.1.1 试剂与耗材........................................................................................ 32 
§ 2.1.2 制备材料............................................................................................ 32 
§ 2.2 电解池 .................................................................................................... 33 
§ 2.2.1 电化学三室电解池............................................................................ 33 
§ 2.2.2 卧式串联两室电解池及立式串联两室电解池................................ 34 
§ 2.3 实验方法与实验仪器 ............................................................................ 35 
§ 2.3.1 实验方法[1,2] ...................................................................................... 35 
§ 2.3.2 实验仪器............................................................................................ 36 
参考文献 .............................................................................................................. 40 
第三章  电化学 pH 调控以及 DNA 酸碱变性的电化学调控与原位紫













目  录 
§ 3.1 电化学 pH 调控原理和方法 ................................................................. 41 
§ 3.1.1 串联电解池电化学 pH 调控工作原理 ............................................. 41 
§ 3.1.2 与其他电化学 pH 调控方法的比较 ................................................. 44 
§ 3.2 串联电解池电化学 pH 调控平台的搭建 ............................................. 46 
§ 3.2.1 电解池腔体........................................................................................ 46 
§ 3.2.2 钯黑膜电极制备与性能.................................................................... 46 
§ 3.2.3 辅助电极（Ag/AgCl 电极） ............................................................ 52 
§ 3.2.4 Pd-H pH 指示电极 ............................................................................ 54 
§ 3.2.5 pH 缓冲仪 .......................................................................................... 56 
§ 3.3 溶液电化学 pH 调控 ............................................................................. 58 
§ 3.3.1 对称双室串联电解池（卧式）中 pH 实时调控 ............................. 58 
§ 3.3.2 非对称型串联双室电解池（卧式）中的 pH 电化学调控 ............. 59 
§ 3.4 DNA 酸碱变性的原位紫外可见吸收光谱检测 ................................... 63 
§ 3.4.1 核酸基础知识简介[23] ....................................................................... 63 
§ 3.4.2 电化学原位紫外可见吸收光谱检测平台........................................ 65 
§ 3.4.3 DNA 酸碱变性的原位紫外可见吸收光谱检测 .............................. 67 
本章小结 .............................................................................................................. 72 
参考文献 .............................................................................................................. 73 
第四章  立式电解池的设计和构建及电化学 pH 调控 ...................... 75 
§ 4.1 立式串联双室电解池搭建 .................................................................... 75 
§ 4.1.1 立式串联双室电解池设计................................................................ 75 
§ 4.1.2 立式串联双室电解池的构成............................................................ 76 
§ 4.2 立式串联双室电解池中 pH 实时调控 ................................................. 86 
§ 4.2.1 实时反馈型电化学 pH 调控 ............................................................. 87 
§ 4.2.2 电量控制型电化学 pH 调控 ............................................................. 89 
§ 4.3 相比于卧式串联双室电解池的优势 .................................................... 90 
本章小结 .............................................................................................................. 91 
参考文献 .............................................................................................................. 92 













目  录 
§ 5.1 经典 PCR 技术 ...................................................................................... 93 
§ 5.2 电化学驱动酸-碱 PCR 实验初步尝试 ................................................. 95 
§ 5.2.1 电化学酸碱 PCR 的设想 .................................................................. 95 
§ 5.2.2 特定 pH 值范围的电化学调控 ......................................................... 97 
§ 5.2.3Taq 酶耐碱性实验及电化学循环耐受性实验 .................................. 99 
本章小结 ............................................................................................................ 104 
参考文献 ............................................................................................................ 105 
作者在学期间发表与交流的论文 .................................................................... 106 















Table of Contents 
Table of Contents 
Abstract in Chinese ............................................................................................... I 
Abstract in English ............................................................................................. III 
Chapter 1 Introduction ............................................................................. 1 
§ 1.1 Solution pH .............................................................................................. 1 
§ 1.1.1 pH definition ........................................................................................ 1 
§ 1.1.2 The imortant of pH
 [1]
 ........................................................................... 2 
§ 1.2 pHcontrol method and its application in life science research ........... 2 
§ 1.2.1 The existing control method ................................................................ 3 
§ 1.2.2 Comarison of various pH alteration method ...................................... 12 
§ 1.2.3 Significance and application of pH alteration in life science research 
........................................................................................................................ 13 
§ 1.3 Objective of this thesis .......................................................................... 20 
References ............................................................................................................ 21 
Chapter 2 Instruments and method section ......................................... 32 
§ 2.1 Reagent materials .................................................................................. 32 
§ 2.1.1 Reagent materials and Supplies ......................................................... 32 
§ 2.1.2 Applied Materials ............................................................................... 32 
§ 2.2 Electrolytic cell ...................................................................................... 33 
§ 2.2.1 Three Rooms-style-type cell .............................................................. 33 
§ 2.2.2The horizontal serial electrolytic cell and the vertical serial electrolytic 
cell ................................................................................................................ 34 
§ 2.3 Experimental methods and equipment introduction ......................... 35 
§ 2.3.1 Experimental methods
[1,2]
 .................................................................. 35 
§ 2.3.2 Equipment introduction ..................................................................... 36 
References ............................................................................................................ 40 
Chapter 3 Electrochemically-Driven pH contol, acid-base driven 













Table of Contents 
and in-situ detection of ultraviolet spectrum ....................................... 41 
§ 3.1 Method and priciple of pH control based on a serial eletrolytic cell 
involving a a hydrogen permeable bifacial working electrode  ..................... 41 
§ 3.1.1 Working priciple of the serial electrolytic cell ................................... 41 
§ 3.1.2 Comparation with other pH control methods..................................... 44 
§ 3.2 Construction of the electochemical pH contrl platform .................... 46 
§ 3.2.1 Cavity of electrolytic cell ................................................................... 46 
§ 3.2.2 Fabrication of the Pd-black foil and its electrochemical properties .. 46 
§ 3.2.3 Ag/AgCl electrode ............................................................................. 52 
§ 3.2.4 Pd-H pH indicator electrode .............................................................. 54 
§ 3.2.5 pH control unit ................................................................................... 56 
§ 3.3 pH control in serial electrolytic cell ..................................................... 58 
§ 3.3.1 pH alteration in symmetric serial electrolytic cell ............................. 58 
§ 3.3.2 pH alteration in assymmetric seral electrolytic cell ........................... 59 
§ 3.4 In-situ detection of ultraviolet spectrum of acid-base driven DNA 
denaturation and renaturation .......................................................................... 63 
§ 3.4.1 Brief introduction of nucleic acid 
[23]
 ................................................. 63 
§ 3.4.2 Electrochemical situ UV spectrum detection platform ...................... 65 
§ 3.4.3 In-situ UV spectrum detection of acid-base driven DNA denaturation 
and renaturation ..................................................................................... 67 
Summry ................................................................................................................ 72 
References ............................................................................................................ 73 
Chapter 4 Design and fabrication of the vertical serial electolytic cell 
and application in electrochemical pH alteration ..................................... 75 
§ 4.1 Construction of the vertical serial elctrolytic cell  ............................ 75 
§ 4.1.1 Design of the vertical serial electrolytic cell ...................................... 75 
§ 4.1.2 Fabrication of the vertical electrolytic cell ........................................ 76 
§ 4.2 In-situ electrochemical pH alteration in vertical electrolytic cell ..... 86 













Table of Contents 
§ 4.2.2 Electrochemical pH alteration under charge flux-restrictive 
mode ............................................................................................................... 89 
§ 4.3 Comparation with the horizontal serial electrolytic cell ................... 90 
Summy ................................................................................................................. 91 
References ............................................................................................................ 92 
Chapter 5 Feasibility Test of acid-base driven PCR technology ........ 93 
§ 5.1 Classic PCR technology ........................................................................ 93 
§ 5.2 Feasibility Test of acid-base driven PCR technology ......................... 95 
§ 5.2.1 Conceiving of the electochemical acid-base driven PCR .................. 95 
§ 5.2.2 Electrochemical pH control for a suitable pH region ........................ 97 
§ 5.2.3 Tolerance of alkali and electrochemical pH control envirement of Taq 
enzyme ......................................................................................................... 99 
Summry .............................................................................................................. 104 
References .......................................................................................................... 105 
Publications during Master Study ................................................................... 106 















摘  要 
- I - 







环境 pH 值的影响。因此，长期以来，科学家们对建立和发展 pH 值的检测与调
控方法投注了极大的热情和努力。然而，现有文献报道的各种 pH 调控方法都存
在各自的不足之处，缺少一种不引起溶液总体积改变，不引入副反应杂离子、快
速且大幅度调控溶液 pH 值的 pH 调控方法。 
基于此，本课题组王永春师兄的博士论文首先提出了一种基于透氢导电薄膜
与双室串联电解池构型的原位电化学 pH 调控方法，并进行了大量的前期实验。
该方法特别适用于需实时改变溶液 pH 值的各种研究与应用。 本论文的重点在
于：共同完善基于该原理的电化学 pH 调控的实验平台，具体实现电化学 pH 调
控并应用于 DNA 酸碱变性复性的初步研究； 同时，进一步完善串联双室电解
池， 减小溶液层厚度以减轻扩散对传质的影响， 并使其满足与其他诸如荧光光
谱等对生物样品损害较小的检测技术联用；最后，初步尝试基于电化学驱动下
DNA 酸-碱变性-复性过程的聚合酶链式反应（Polymerase Chain Reaction， PCR）
研究。具体内容如下： 
（1） 完善了基于透氢导电薄膜与双室串联电解池构型的原位电化学 pH 调
控方法的实验平台，摸索条件，使其能构实现在短时间内快速、实时、大范围和
循环调变溶液样品 pH 值。从近中性 pH 值开始，pH 调控范围可达±4 ~ 5 个单位。 
（2） 建立了电化学 pH 调控-UV 光谱检测联用平台，并将该平台应用到
DNA 酸-碱变性-复性过程的研究。 研究表明，溶液 pH 值在 5.4 ~ 11.4 范围内的
原位周期性调节可驱动 290 bp DNA 的酸-碱变性-复性过程，紫外吸收光谱在  














摘  要 




为尝试电化学酸-碱 PCR 的设想进行了 Taq 酶的碱耐受性及电化学耐受性实验。
研究结果表明，Taq 酶可经受 11.5 的碱性环境；而电化学 pH 调控环境则对其有
较为严重的损坏作用。初步推断 Taq 酶在电极上发生反应而遭严重损坏，若以两
面分别由阳离子交换膜与阴离子交换膜封堵而成的 U 型槽作为 PCR 场所，则可
将 PCR 体系与电极隔离，并且槽内溶液 pH 值也将会随着外部工作室中环境 pH
值的变化而变化，有可能实现电化学 pH 调控下的酸-碱驱动 PCR。 
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Abstract 
Solution pH plays critically important roles in a variety of chemical and 
biological processes. pH changes are used to drive molecular machinery functions and 
control release processes, the electrostatic assembly of molecules; The activities of 
enzymes depend on the solution pH; The requirement for the pH of the humoral 
environment and intracellular environment is also very critical; The configuration of 
double-stranded DNA (ds-DNA) structures is closely related to the environmental pH. 
So, for a long time, scientists have made great efforts in the development of the pH 
detecting and regulation. 
    However, the present pH regulation methods have their drawbacks. There is still 
a lack of pH alteration methods that can adequately realize large amplitude in situ 
alteration of solution pH without an increase of volume and/or introduction of side 
products. 
Bases on the above-mentioned reasons, an electrochemically-driven large 
amplitude pH alteration method based on a serial electrolytic cell involving a 
hydrogen permeable bifacial working electrode has been proposed in our group, for 
which Dr. Wang Yongchun has made great efforts in the initial stage to prove the 
principle and make preliminary experimental setup. The focus of the present thesis is 
to improve the electrochemically-driven pH control platform for studying the 
acid-base driven DNA denaturation and renaturation with an attempt apply to the 
acid-base driven DNA polymerase chain reaction (PCR). The main work and 
achievement of this thesis are outlined as follows: 
(1) The platform for the electrochemically driven large amplitude pH alteration 
method has been improved. In-situ large amplitude alteration of solution pH without 
an increase of volume and/or introduction of side products has been achieved, 
Solution pH can be varied periodically up to 4∼5 units under optimized conditions. 
    (2) Setup for combined in-situ UV spectroscopic detection and the 
electrochemical pH alteration has been established. The results from the combined 
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denaturation and renaturation of 290 bp DNA sample.  
(3) An improved and upright-configured serial electrolytic cell has been designed 
and fabricated, which allows reduce the solution thickness to relieve the restriction of 
the mass transfer encountered in the flat-lying cell without the introduction of 
mechanical stirring. The upright-configured cell also meets the requirement for future 
combined  measurements by other spectroscopy such as fluorescence spectroscopy.  
(4), Conditions for the possible application of the electrochemically-driven pH 
alteration method to the acid-base driven DNA PCR has been testified. The tolerance 
of alkali and electrochemical environment of Taq enzyme has been investigated. The 
results show that the activity of Taq enzyme keeps the same after being treated in the 
tris buffer (PH = 11.5). But two cycles of the electrochemically driven pH alteration, 
from 7.2 ~ 11.6, would totally take away the activity of Taq enzyme. The 
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§ 1.1 溶液酸碱度- pH 
§ 1.1.1 pH 的定义 
早在 1894 年，Kohlrausch 和 Heydweiller 在对纯水的导电性研究中，就发现
纯水的导电度虽然很小，却是确定的。证实了水是会电离出离子的： 
-




-H OH K        水  
在酸的溶液中 H+多于 OH-，在碱溶液中则有 OH-浓度大于 H+浓度。Soresen
在 1909 年提议以 H+浓度的负对数代替浓度，以 pH 为符号来表示该数值： 
1





    
该值通常是一个在 0~14 之间的数值。当 pH=7 时，该溶液为中性；当 pH<7
时，为酸性稀溶液；当 pH>7 时，溶液为碱性溶液。当然，在很酸的溶液中时候，





















Fig.1.1.1. The picture of pH indicator paper. 
§ 1.1.2 pH 值重要性[1] 








的 pH 值若偏离 7.35~7.45，便可能指示着一些病变；一些分泌物的酸碱性已经被
用于病情的判断。而作为生命遗传信息载体的 DNA，其构型构象无不受其环境
pH 值的影响，当环境 pH 值高于 11.4，便由双链状态裂解为单链状态，当处于





§ 1.2 pH 调控方法及其在生命科学中的应用 
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